Congenital diaphragmatic hernia (CDH) is a common, life threatening birth defect. Although there is strong evidence implicating genetic factors in its pathogenesis, few causative genes have been identified, and in isolated CDH, only one de novo, nonsense mutation has been reported in FOG2 in a female with posterior diaphragmatic eventration. We report here that the homozygous null mouse for the Pdgfra gene has posterolateral diaphragmatic defects and thus is a model for human CDH. We hypothesized that mutations in this gene could cause human CDH. We sequenced PDGFRa and FOG2 in 96 patients with CDH, of which 53 had isolated CDH (55.2%), 36 had CDH and additional anomalies (37.5%), and 7 had CDH and known chromosome aberrations (7.3%). For FOG2, we identified novel sequence alterations predicting p.M703L and p.T843A in two patients with isolated CDH that were absent in 526 and 564 control chromosomes respectively. These altered amino acids were highly conserved. However, due to the lack of available parental DNA samples we were not able to determine if the sequence alterations were de novo. For PDGFRa, we found a single variant predicting p.L967V in a patient with CDH and multiple anomalies that was absent in 768 control chromosomes. This patient also had one cell with trisomy 15 on skin fibroblast culture, a finding of uncertain significance. Although our study identified sequence variants in FOG2 and PDGFRa, we have not definitively established the variants as mutations and we found no evidence that CDH commonly results from mutations in these genes.
Introduction
Congenital diaphragmatic hernia (CDH) is a common birth defect with an estimated prevalence of 1 in 2500 live births. 1 The prenatal and neonatal mortality for CDH is high and there is significant long-term morbidity in survivors, including pulmonary hypoplasia, developmental delay, growth retardation and gastro-esophageal reflux. 2 CDH can occur as an isolated birth defect (isolated CDH) or it can be associated with additional physical anomalies (CDH with additional anomalies or non-isolated CDH), either with or without a recognizable underlying genetic syndrome. 3 In both types of CDH, there is substantial evidence implicating genetic factors in pathogenesis and for genetic heterogeneity, 4 but there are little data on the causative genes to date. In humans, only one mutation has been demonstrated, occurring in the FOG2 gene in a female patient with posterior diaphragmatic eventration.
In non-isolated CDH, several genes have been implicated, but the number of reported mutations remains small. Gene identification in isolated CDH has been particularly challenging because the majority of cases are sporadic. One strategy for gene detection utilized array comparative genomic hybridization to identify and define chromosome deletions in patients with CDH and multiple anomalies. 5, 6 These deleted chromosome regions can be assumed to contain gene(s) necessary for normal diaphragm development, and genes from these 'DH-critical' regions can subsequently be selected for sequencing in isolated CDH patients. Although several CDH critical regions at 15q26.2, 8p23.1, 4p16.3 and 1q41 -1q42 have been mapped using this strategy, no CDH-causative gene has yet been identified. We have therefore chosen a different approach to study genes potentially causal for human CDH. We have examined mouse models in which diaphragm defects have been observed and focused on two genesFFog2 and Pdgfra.
The nuclear protein Friend of Gata-2 (Fog2; also known as Zpfm2; OMIM 603693) is a transcriptional repressor with distinct zinc fingers domains that binds to members of the Gata family of transcription factors. 7 -10 FOG2 has been shown to be critical for normal diaphragm development in both mice and humans. Fog2 is expressed in the septum transversum of the diaphragm during early development, and a mouse model with a hypomorphic Fog2 allele has been shown to have diaphragmatic defects and pulmonary hypoplasia. 11 These mice, referred to as little lung or lil mice, had a splicing mutation with the insertion of 85 bp of intronic sequence into the Fog2 transcript, generating a premature stop codon and a severely truncated Fog2 protein. Homozygous lil mice had diaphragmatic eventration with absence of the musculature of the posterolateral portion of the diaphragm. 11 In humans, FOG2 has previously been sequenced in 30 patients with diaphragmatic defects. A single, de novo FOG2 mutation, p.R112X, predicting a premature stop codon before the zinc finger domains of the FOG2 protein, was identified in a female with eventration of the posterior part of the diaphragm but not CDH. 11 Because it is unclear whether diaphragmatic eventration and hernia are genetically distinct defects in humans, we chose to screen the FOG2 gene for mutations in our larger cohort of patients with diaphragmatic defects. Platelet-derived growth factor receptor alpha (PDGFRa; OMIM 173490) and platelet-derived growth factor receptor beta (PDGFRb; OMIM 173410) are two tyrosine kinase class III receptors that form homodimers and/or a PDGFRab heterodimer to bind multiple platelet-derived growth factor ligands. 12 Mice homozygous for null mutations in the Pdgfra gene have a number of genetic backgrounddependent defects, including facial clefting, severe spina bifida occulta, cardiac defects including outflow tract and septal anomalies, omphalocele, renal and urogenital anomalies, vertebral and rib fusion abnormalities, low-set ears and a short neck, short distal limbs and subepidermal blebbing. 12 -15 The requirement for Pdgfra in lung growth was demonstrated by studies with Pdgfra null mice that also carried a human YAC Pdgfra transgene. 16 Many of the Pdgfra null phenotypes were rescued by the transgene allowing assessment of newborn pups. However, the Pdgfra transgene was not expressed in lung smooth muscle progenitors and the pups died after birth with lung hypoplasia. Our own observations of the Pdgfra null mice, reported below, reveal a spectrum of diaphragmatic defects ranging from absence of the diaphragm to failed or delayed closure of the pleuroperitoneal folds. This murine phenotype shows some overlap with Fryns syndrome (OMIM 229850), a multiple congenital anomaly syndrome in which CDH, pulmonary hypoplasia, cardiac septal defects, cleft palate and lip and dysmorphism are prominent features. 17 In humans, the PDGFRa gene has been most extensively studied for its role in tumorigenesis. Activating mutations in PDGFRa are common in gastro-intestinal stromal (GIST) tumors 18, 19 and deletions of PDGFRa have been identified in gliomas and glioblastomas. 20, 21 Hypereosinophilic syndrome (OMIM 607685) can result from fusion of the PDGFRa and FIP1L1 genes. 22 The role of PDGFRa gene in human neural tube defects (NTD) has also been examined, but the association between high-expressing and low-expressing PDGFRa promoter haplotypes and NTD remains controversial. 23 -25 We are not aware that PDGFRa has previously been studied in human CDH, and have not found any data on chromosome rearrangements at the site of this gene at chromosome 4q12 and human CDH. Because of phenotypic overlap between non-isolated causes of CDH and the PDGFRa null mouse, and based on the hypothesis that heterozygous mutations in PDGFRa may underlie some cases of isolated CDH, we chose to sequence the PDGFRa gene in our patient cohort. 
Materials and methods

Patient samples
Examination of mouse embryo
The Pdgfra null/null strain examined in this study (in which exons 2 -4 of the gene are deleted) was described previously. 12 Pdgfra null/ þ mice were mated and pregnant dams killed to collect 12 and 14 dpc embryos under University of Utah IACUC protocol no. 06-04002. The Pdgfra mutation was examined on a C57BL/6 background. Genotyping was performed using yolk sac samples and multiplex PCR. Pdgfra mutants are genotyped by mixture of the following three primers: -1,CCCTTGTGGTCATGC CAAAC; -2,GCTTTTGCCTCCATTACACTGG; and -3,CCA ATGGATGAAATCTAAGTGT. Wild-type and null alleles are detected at 450 bp (1 þ 2) and 700 bp (1 þ 3), respectively. Embryos were fixed in 60% ethanol, 30% formaldehyde and 10% glacial acetic acid, embedded in paraffin, sectioned in the transverse plane and stained with hematoxylin and eosin. Serial sections were examined and photographed with a Nikon SMZ1500 stereomicroscope.
Sequencing of FOG2 and PDGFRa genes
A high-throughput approach was undertaken as described previously. 26 Primer oligonucleotides were chosen on repeat-masked DNA using Primer3 (http://frodo.wi.mit. edu/cgi-bin/primer3/primer3_www.cgi), and M13(-21) forward (TGTAAAACGACGGCCAGT) and M13 reverse (CAGGAAACAGCTATGAC) tails were added to each primer. PCR reactions were performed in a 96-or 384-well plate formats using a panel of the human CDH DNAs as template. Amplified PCR products from each individual were sequenced in both directions using BigDye s Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) on an ABI 3730 machine. We sequenced all of the coding exons and exon -intron boundaries of both FOG2 and PDGFRa in all 96 patients, with the exception of the first exon of FOG2, for which we only were able to generate sequence data for 56 patients due to high GC content (data not shown). Sequence variants were identified using the PolyPhred (http:// droog.mbt.washington.edu/PolyPhred/html) or Sequencher (Gene Codes Corporation, Ann Arbor, MI, USA) programs and analyzed manually for accuracy. Sequence variants that were suggestive of mutations were verified by repeat sequencing or restriction enzyme digestion according to standard techniques.
New sequence alterations that were not known polymorphisms in the single-nucleotide polymorphism database (http://www.ncbi.nlm.nih.gov/SNP/) or Ensembl (http://www.ensembl.org/index.html) were verified by repeat sequencing. We also verified three novel alterations not detected in controls (p.M703L and p.T843A in FOG2, and p.L967V in PDGFRa) in unamplified genomic DNA from the blood spots to exclude the possibility that the nucleotide alterations were introduced by the wholegenome amplification. Control chromosomes were screened for novel sequence alterations by restriction length polymorphism fragment analysis according to standard methods or using a standard Taqman assay. Control samples were obtained from the DNA Polymorphism Discovery Resource (Coriell, Cambden, NJ, USA; http:// ccr.coriell.org/nigms/products/pdr.html); the remainder was control chromosomes collected for other protocolapproved projects. For p.M703L in FOG2, we screened 354 chromosomes from the DNA Polymorphism Discovery Resource and 172 control chromosomes for a total of 526 control chromosomes. For p.T834A in FOG2, we screened 360 chromosomes from the DNA Polymorphism Discovery Resource and 204 control chromosomes for a total of 564 control chromosomes. For p.L967V in PDGFRa, we screened 225 individuals of similar ethnicity (African American) and 131 Caucasian and 28 Asian individuals, making a total of 768 chromosomes. Family members were unable to be contacted to verify if alterations were de novo.
Results
Our observations revealed that Pdgfra null/null mouse embryos have a range of diaphragmatic defects. We examined diaphragm development at two embryonic stages, 12 and 14 dpc. As described previously, 12 over half of the null embryos died before 10 dpc based on predicted genotype distributions. Embryos that escape this early lethality and survive to later stages displayed variability in the types and severity of embryonic defects. Our study cohort consisted of 96 CDH patients, 65 (68%) had a left-sided diaphragmatic hernia and 22 (23%) had a right-sided hernia (Table 1) . There was one case with absence of the posterior lip of the diaphragm, one patient with a retrosternal hernia and one with eventration (site not specified) and an antral diaphragmatic hernia (1% each), and the type of diaphragmatic defect was unknown in six patients (6%). Fifteen hernias were described as Bochdalek in type (16%) and this description included diaphragmatic defects that involved either the left or the right side.
The most common phenotypic features among these patients are described in Table 1 . Cardiac defects were the most frequent, although many of the lesions have been . Sections through a 14 dpc Pdgfra null/null embryo (c) shows failure of the PPF to close (arrow) with herniation of the stomach (ST) into the thorax. This is compared to a Pdgfra null/ þ littermate (d) in which the PPF are fused and the stomach is not seen at the same level. Pdgfra null/null (e) mice were also observed to have pulmonary hypoplasia (asterisk) and septal heart defects (arrow shows a VSD). A 14 dpc Pdgfra null/ þ littermate (f) is shown for comparison. The number in these two columns do not add up to the total number of affected patients, as only patients with left-and right-sided CDH have been listed. The percentages were obtained by dividing the total numbers of patients with left-sided CDH (65) and right-sided CDH (22) , respectively. b Aortic abnormalities include coarctation of the aorta.
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reported as pathological changes subsequent to a diaphragmatic hernia, such as patent ductus arteriosus, persistent foramen ovale, dextroposition and tricuspid incompetence. 3 There was a noticeable phenotypic difference between patients with left-sided CDH and patients with right-sided CDH, with malformations being more common in patients with left-sided CDH, even when corrected for the greater number of patients with this type of hernia (Table 1) , but these differences were not statistically significant. Dysmorphic features and digital anomalies were also more frequently observed in patients with leftsided CDH compared to right-sided CDH (data not shown).
The results from the FOG2 gene sequencing are shown in Table 2 and the results from the PDGFRa gene sequencing are shown in Table 3 . Chromatographs with the sequence alterations are shown in Figure 2 . Figure 3 shows the location of sequence variants within the FOG2 and PDGFRa genes with relation to the encoded proteins, and provides amino acid alignments of the affected protein regions among multiple species.
For FOG2, we detected two sequence variants in CDH patients that were not present in control chromosomes, c.A2107C, predicting p.M703L, and c.A2527G, predicting p.T843A (Table 2 ). These sequence variants were not found in 526 and 564 control chromosomes, respectively. Both of these alterations were present in exon 7 of the gene. Although these sequence variants result in conservative amino acid substitutions, they occur at conserved sites ( Figure 3 ) and in or near putative zinc finger domains of the protein (amino acids 687 -710 and 854 -877; http:// ca.expasy.org/).
For PDGFRa, we found one novel sequence variant, c.C2889G, predicting p.L967V (Table 3 ). This change was not seen in 225 control individuals of similar ethnicity (African American), nor in 131 Caucasians or in 28 Asians, making a total of 768 chromosomes. The variant occurs in a domain of the protein conserved in all higher vertebrates (Figure 3 ), but outside the tyrosine kinase domains (amino acids 593 -954; http://ca.expasy.org/). This patient had leftsided CDH with multiple anomalies comprising pulmonary hypoplasia, congenital heart disease with a ventricular septal defect, secundum type atrial septal defect and tricuspid regurgitation, malrotation of the intestines, a multicystic liver with an abnormal biliary tree, a short neck with slight webbing, a small chest cavity with abnormal thoracic vertebrae, including butterfly vertebrae, and multiple rib anomalies, dysmorphism with a prominent, sloping forehead, small and downslanting palpebral fissures with sparse eyebrows, a flat and broad nasal root, low-set ears that had thick, protruding helices, bilateral simian creases, fifth finger clinodactyly, adducted thumbs and streaky hyper and hypopigmentation of the skin. A skin karyotype showed 46,XX with 1/50 cells showing mosaicism for trisomy 15. This level of mosaicism could represent an artifact of the fibroblast culture, as there was Non-conservative sequence variants were interpreted as SNPs if they were found in controls and/or dbSNP.
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Conservative substitution rs2229307 0.069
Conservative substitution rs4358459 0.306
Conservative substitution rs1873778 0.11
Conservative substitution rs10028020 NA
Conservative substitution rs2228230 0.29
No. of patients, number of patients; dbSNP, http://www.ncbi.nlm.nih.gov/SNP/; Het. score, heterozygosity score; CDH, congenital diaphragmatic hernia; SNP, single nucleotide polymorphism; CDH+, congenital diaphragmatic hernia with additional anomalies. Allele frequencies have been listed for those sequence alterations found in more than one patient with CDH. c Non-conservative sequence variants were interpreted as SNPs if they were found in controls and/or dbSNP. FOG2 and PDGFRa variants in congenital diaphragmatic hernia SB Bleyl et al
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European Journal of Human Genetics only one mosaic cell. However, as discussed below, there is overlap between the phenotype of this patient with characteristics seen in cases of trisomy 15 mosaicism. Conversely, there is also phenotypic overlap between the patient and Pdgfra null mouse embryos. The CDH in our patient could be related to the trisomy 15 mosaicism, the PDGFRa alteration or a combination of both. However, diaphragmatic defects have not been described with trisomy for any part of chromosome 15.
Discussion
We selected two genes for screening in human patients with isolated CDH or CDH with additional anomalies based on selected animal models of abnormal diaphragm development. Our strategy was successful in identifying sequence variants that were not detected in controls in both of these genes, FOG2 and PDGFRa. However, we detected only three new sequence variants, implying that neither of these genes is a major contributor to the pathogenesis of CDH. In addition, we could not determine if the sequence variants were de novo in our patient cohort. We consider that haploinsufficiency for the gene product is the mechanism responsible for the diaphragmatic defects for the sequence variants in the FOG2 and PDGFRa genes, and we identified only one variant in each patient.
The mechanism for the diaphragmatic defects in FOG2 null mice and lil mice with a splicing defect in FOG2 has not been determined. Whole-mount studies showed that the myotubules of the mutant lil diaphragms radiated in a dorsal ventral pattern rather than the mediolateral pattern of wild-type mice and in situ hybridization studies in the lil mice documented reduced expression of the Hgf/sf (Hepatocyte growth factor/scatter factor) gene in the part of the diaphragm where the pleuroperitoneal folds meet the septum transversum. 11 The Hgf/sf gene is involved in the migration of muscle cell precursor cells to the diaphragm, and this gene has previously been implicated in diaphragm formation, as mice with absence of the Hgf/sf receptor, cmet, are unable to muscularize the diaphragm. 27 It has therefore been hypothesized that Fog2 may be required for the induction of Hgf/sf, and the eventration phenotype of the lil mice could be caused by dysregulation of Hgf/sf expression along the path of muscle cell precursor migration between the pleuroperitoneal folds and the diaphragm.
11
There is additional evidence that FOG2 is critical for normal diaphragm formation. FOG2 was shown to be an important regulator of Gata-4 in the developing heart, and both genes are co-expressed during cardiac embryogenesis. 28 Interestingly, C57Bl/6 mice that were heterozygous for a deletion mutation of the Gata-4 gene have midline diaphragmatic defects, 29 suggesting that abnormal regulation of Gata-4 by FOG2 might also be important for diaphragm development. FOG2 also binds to the ligandbinding domain of chicken ovalbumin upstream promoter transcription factor II (COUP-TFII; also known as NR2F2).
30
COUP-TFII has been shown to be necessary for FOG2 to repress the transcription of a Gata-4 p.E215K mutant that is unable to bind FOG2, demonstrating that COUP-TFII is necessary for the FOG2-mediated repression of GATA-4 transcription. 30 Interestingly, COUP-TFII is located on human chromosome 15q26.2, a genomic region that has been deleted in CDH patients, 31 although mutations in this gene have not been demonstrated in human CDH patients.
In one patient with CDH and multiple anomalies, sequencing of the PDGFRa showed a missense alteration that predicted p.L967V. However, this patient also had a very low level of mosaicism for trisomy 15 with one trisomic cell out of 50 cells counted on a skin fibroblast culture. Trisomy 15 mosaicism has been associated with developmental delay, congenital cardiac disease, lung hypoplasia, rib anomalies, facial dysmorphism with a broad nasal bridge, an anteverted and prominent nose, a small mouth, narrow lips, ear dysplasia, FOG2 and PDGFRa variants in congenital diaphragmatic hernia SB Bleyl et al micrognathia, digital anomalies, a high or cleft palate and a short neck. 32 The physical anomalies in our patient could be related to the trisomy 15 mosaicism, the PDGFRa alteration or a combination of both. While the low level of mosaicism in this patient could represent lab artifact, it is also possible that the level of mosaicism was higher in vivo than in culture. It is well known that there is no reliable correlation between mosaicism level and phenotype. Other factors in favor of trisomy 15 mosaicism as a causative factor in this patient include the streaky skin pigmentary changes, which are common in chromosomal mosaicism, and the finding of several anomalies that have previously been described in other patients with mosaicism for trisomy 15, such as a cardiac defects, a short and webbed neck, rib anomalies and craniofacial dysmorphism including dysplastic ears. However, to our knowledge, diaphragmatic defects have not been described in patients with trisomy for chromosome 15. Our patient also shares many phenotypic features seen in Pdgfra null mouse embryos including CDH.
In mouse studies, Pdgfra has been shown to be critical for the normal embryonic development of multiple organ systems, and our observations add the diaphragm to the list of structures that develop abnormally in the absence of this gene. Combining our finding of diaphragmatic defects and other points of phenotypic overlap with the human Fryns syndrome, we considered the Pdgfra gene a candidate for human CDH with or without other anomalies. The specific role of PDGF signaling in diaphragm development and the mechanisms leading to diaphragm abnormalities in these mutants is difficult to determine due to their limited viability. The expression of PDGFRa in the developing diaphragm or diaphragm precursors has not been reported and was not addressed by our study. Future studies using conditional mutations of the mouse Pdgfra gene and diaphragm-specific Cre driver lines, thus avoiding the high rates of embryonic lethality, could provide more information about the role of this gene in diaphragm development.
Conclusion
We have identified a novel sequence variant in the PDGFRa gene in an individual with CDH and multiple anomalies who also had one cell with trisomy 15 on skin fibroblast culture, suggesting that rare variants in this gene may contribute toward the pathogenesis of CDH. We also identified two novel sequence alterations in FOG2 in two patients with CDHs, further suggesting a role for sequence variants in this gene in the pathogenesis of diaphragmatic hernia in addition to diaphragmatic eventration.
